Objective: A prospective, international registry study was initiated to provide contemporary comparative data on short-term clinical outcomes after aortic valve-sparing and aortic valve-replacing root operations in patients with Marfan syndrome. The purpose of this initial report is to describe the study design and to compare early outcomes in the first 151 enrolled patients.
1
Aortic root dilatation is the predominant cardiovascular lesion, affecting about 64% of children and 80% of adults with MFS. If untreated, it can lead to life-threatening aortic dissection, rupture, or both. [2] [3] [4] Replacing the aortic valve and root with a composite valve graft has been the mainstay of surgical treatment of aortic root abnormalities since the technique was introduced by Bentall and de Bono 5 in the 1960s. [6] [7] [8] [9] Techniques for aortic valvesparing (AVS) root replacement were subsequently introduced by Yacoub in 1979 (remodeling) and David in 1988 (reimplantation) . 10, 11 Concern about potential deterioration of the preserved aortic valve leaflets has created controversy regarding the durability of AVS reconstructions in patients with MFS. [12] [13] [14] Despite this concern, and although AVS root replacement operations are more technically demanding than aortic valve-replacing (AVR) procedures, AVS approaches have been enthusiastically accepted by many surgeons and MFS patients because anticoagulation is not necessary. A prospective, international registry study-Aortic Valve Operative Outcomes in Marfan Patients-was initiated to provide contemporary comparative data on short-term
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AVR ¼ aortic valve-replacing AVS ¼ aortic valve-sparing DCC ¼ Data Coordination Center MFS ¼ Marfan syndrome clinical outcomes after AVS and AVR root operations in patients with MFS. The purpose of this initial report is to describe the registry study design and to compare the early outcomes in the first 151 enrolled patients.
PATIENTS AND METHODS Overall Study Design, Study Organization, and Patient Recruitment Protocol
This multicenter study is designed to prospectively evaluate clinical outcomes after aortic root replacement using either AVR or AVS techniques in patients with MFS. There is no attempt to assign the type of repair that patients receive; the choice of operation is based on clinical factors and on surgeon and patient preference. The primary end point for the study is the composite incidence of all valve-related complications. Based on an estimated event rate of 20%, the study is designed with a target sample size of 250, which provides 80% power (a ¼ .05) to detect a 1.85-fold increase in the relative risk of valve-related complications between the AVR and AVS groups.
The Data Coordination Center (DCC), Marfan Diagnostic Core, Imaging Core, Surgical Core, and Genetic Repository coordinate the study. The DCC developed the study protocol and monitors its implementation in terms of data collection and management, as well as providing coordination and administrative support to all participating institutions. The study protocol has been approved by the institutional review board or ethics committee at each participating institution. The Marfan Diagnostic Core reviews each patient's eligibility for enrollment by verifying the clinical diagnosis of MFS. Imaging studies are collected and analyzed by the Imaging Core. The Surgical Core manages the collection of standardized surgical data. Blood and aortic tissue samples are obtained and stored at the study's Genetic Repository for future analysis and will be available to interested investigators.
Patients with a confirmed or tentative diagnosis of MFS who need aortic root surgery are consecutively approached for participation in the study, including patients having emergent or urgent surgery. All recruited patients sign a consent form. To participate, patients must meet strict Ghent criteria, 1 need aortic root surgery, and be available for follow-up.
Data Collection and Definitions
The study sites prospectively collect clinical data on preoperative status, operation type and details, and postoperative and follow-up status by using data collection forms developed by the DCC and approved by the Professional Advisory Board of the National Marfan Foundation. Follow-up information is obtained 6, 12, 24, and 36 months after surgery. Whenever available, echocardiograms performed before surgery, at discharge, and during follow-up are collected and reviewed by the Imaging Core. Before the operation and 1 year afterward, patients complete the SF36v2 health-related quality of life questionnaire (QualityMetric, Inc, Lincoln, RI). After each operation, the surgeon completes a questionnaire on the timing of the decision between AVR and AVS techniques and the reasons for the surgeon's choice.
All study sites enter their data into a secure on-line data collection and study management system provided and maintained by Velos, Inc (Freemont, Calif). Initial data validation is performed by built-in data type and range/limit checks. Mandatory data entry for selected fields prevents the omission of data for essential variables. During quarterly data reviews, the DCC performs logic checks, identifies all missing data in the nonmandatory fields, and requests clarification of discrepancies and submission of missing data from study sites. Finally, the DCC performs annual visits to selected sites to review study documentation, assure protocol compliance, and check on-line data entries against source documentation for approximately 15% of enrolled patients.
In the present analysis, operations were categorized as AVS or AVR according to the initial procedure performed. The AVS procedures were described according to the classification system suggested by Miller 12 in 2003. Emergent operations were defined as mandated within 24 hours after presentation because of the patient's medical condition, urgent operations as mandated within 7 days after presentation, and elective operations as performed at the convenience of both the surgeon and the patient. Duration of surgery was defined as the interval between skin incision and skin closure.
The definitions of valve-related morbidity and mortality were based on the recommendations in the 1996 guidelines written by Edmunds and colleagues. 15 Valve-related complications were defined as structural valvular deterioration, nonstructural valve dysfunction, valve thrombosis, embolism (ie, neurologic events and peripheral embolic events), operated valvular endocarditis, or bleeding. Bleeding events were considered to be valverelated complications if they occurred after discharge and caused death, hospitalization, or permanent injury or if they necessitated transfusion, regardless of whether the patient was taking anticoagulant or antiplatelet drugs; early postoperative bleeding events, such as mediastinal hemorrhage necessitating re-exploration, were recorded separately and were not categorized as valve-related complications. Cardiac complications encompassed myocardial infarction, atrial or ventricular arrhythmia requiring treatment, pericardial effusion necessitating drainage, and cardiac failure necessitating inotropic support for more than 48 hours, intra-aortic balloon counterpulsation, or mechanical ventricular assistance. Pulmonary complications included the need for more than 48 hours of ventilatory support, respiratory failure necessitating reintubation, adult respiratory distress syndrome, atelectasis necessitating bronchoscopy, chylothorax, prolonged air leak, pneumonia, and pleural effusion or pneumothorax necessitating an evacuation procedure. Acute renal dysfunction was defined as a serum creatinine level that was more than double the baseline level.
Patients and Operations
Two hundred fourteen consecutive patients who required aortic root replacement and were suspected to have MFS were approached for potential enrollment in the study at 18 tertiary institutions in North and South America and Europe during the period of March 1, 2005 , to January 31, 2008. Of these patients, 6 declined to participate, 23 did not meet Ghent criteria, and 22 had not yet completed the diagnostic screening process. Thus, 163 patients met the screening criteria and were enrolled; this group represents 65% of the 250 patients needed to complete study enrollment. Twelve of the patients had been enrolled recently and did not yet have complete 30-day data; these patients were excluded, leaving 151 patients in the analysis of early outcomes. Table 1 provides demographic and clinical information obtained at presentation, by type of operation. The types of aortic root replacement procedures and the details of the operations are provided in Tables 2 and 3 , respectively. Aortic root replacement was performed through a standard, full median sternotomy in 145 (96%) patients. Of the 6 remaining patients, 4 had transverse sternotomies, and 2 had upper hemisternotomies. One hundred five (70%) patients underwent an AVS procedure. The David V technique, used in 57 (54%) AVS patients, was the most common procedure. All but one of the AVS patients had a reimplantation procedure; one Yacoub remodeling operation was performed. Two AVS patients required intraoperative conversion to AVR; they were included in the AVS group for analysis because AVS was the initial procedure performed. Either direct cusp repair or shortening of the cusp free margin was performed in 22 (21%) patients; of these patients, 15 (68%) had both cusp repair and free margin shortening, 5 (23%) had only free margin shortening, and 2 (9%) had only direct cusp repair. Forty-six (30%) patients underwent AVR procedures; most of these Ascending aortic dissection 12 (8%) 6 (13%) 
Follow-up Data
Thirty-day and hospital outcome data were complete for all 151 patients. Discharge echocardiograms were obtained for 144 (95%) patients. In 100 (69%) of the echocardiograms, the Imaging Core was able to assess aortic valve function. Two echocardiograms did not provide adequate visualization of the aortic valve. For the remaining 42 patients, Imaging Core analysis was not possible because of logistical or data formatting problems; for these patients, data were abstracted from the study-site echocardiogram reports.
Statistical Analysis
Given the distribution of AVR and AVS procedures in the first 151 patients, this analysis had 80% power to detect a relative risk of 2.15 (a ¼ .05) for valve-related complications, the primary study end point. Normally distributed continuous variables were presented as mean AE SD and compared between groups by Student t tests. Nonnormally distributed continuous variables were presented as medians and interquartile ranges; the KolmogorovSmirnov test was used for between-group comparisons. Categorical variables were presented as frequencies and percentages; c 2 or Fisher's exact tests were used for between-group comparisons, as appropriate.
To control for confounding factors, we performed stepwise multivariable logistic regression analysis to determine whether type of operative procedure was an independent predictor of early valve-related complications. Univariate predictors with P values less than .2 were included in the regression model. Data on 140 patients were complete and therefore included in the model. The DCC performed the statistical analyses with SPSS 16.0 statistical software (SPSS Inc, Chicago, Ill).
RESULTS

Overall Outcomes
No 30-day or in-hospital deaths occurred in either group. There were no strokes and no reoperations on the aortic valve. One patient undergoing AVS surgery required reoperation to correct coronary artery kinking after a Florida sleeve procedure. In 2 patients, heart block developed that necessitated placement of a permanent pacemaker. The overall incidence of valve-related complications at 30 days was 3% (Table 4) ; the complications included 1 bleeding event, 1 reversible ischemic neurologic deficit, and 3 cases of intraoperative nonstructural valve dysfunction. The valve-related bleeding event was a bloody pericardial effusion that occurred after discharge on the 15th postoperative day and required pericardial drainage. All other early bleeding events occurred before discharge and did not meet the criteria for classification as valve-related complications. Thirteen (9%) patients required re-exploration for bleeding; a bleeding site involving the root repair (eg, at the annulus or a coronary anastomosis) was identified in 3 of these patients. Five patients with bleeding did not require mediastinal re-exploration. Of those, 3 had bloody pericardial effusions with cardiac tamponade (2 were drained, and 1 was treated nonoperatively), 1 had early postoperative bleeding that did not require reoperation, and 1 had a right hemothorax that required drainage. Two patients having AVS surgery had embolic complications: 1 patient had a reversible ischemic neurologic deficit 7 days after surgery, and 1 had a pulmonary embolus on postoperative day 12; the latter was not considered valve-related. Three patients had nonstructural valve dysfunction resulting in aortic regurgitation that was detected intraoperatively and treated during the same operation. Two of these patients had unsuccessful attempts at AVS root replacement (1 Yacoub remodeling and 1 David I reimplantation) and required conversion to AVR. The third patient with nonstructural valve dysfunction had substantial aortic regurgitation immediately after a cryopreserved homograft root was implanted; the homograft valve leaflets were excised and replaced with a stented bioprosthetic valve. There were no early cases of structural valve deterioration, valve thrombosis, or endocarditis. Of the 144 patients with postoperative echocardiograms, aortic valve function could be assessed in 142; 140 patients had no or trivial aortic valve regurgitation, and 2 had mild regurgitation.
Comparison of AVR and AVS Groups
Compared with patients who underwent AVR root replacement, those who underwent AVS procedures were significantly younger and were less likely to have had previous repair of ascending aortic dissection (Table 1 ). There were trends toward fewer recent cerebrovascular accidents and fewer previous cardiovascular operations in the AVS group. Severe aortic regurgitation was more common in the AVR group (9/45, 20%) than in the AVS group (5/99, 5%; P ¼ .005). Preoperative New York Heart Association class, aortic root size, left ventricular ejection fraction, and smoking history were not significantly different between the two groups.
Questionnaire data were obtained from operating surgeons (on the timing of their decision between AVR and AVS techniques and the reasons for their choice) for all patients in the AVR group and for 101 (96%) patients in the AVS group. The final decision whether to perform an AVR or AVS procedure was made intraoperatively for 65 (43%) of the patients. For 32 patients (21% overall and 70% of the AVR group), AVR was considered the only option because the condition of the aortic valve or root was deemed unsuitable for an AVS procedure. Twelve (26%) of the AVR patients could have had an AVS procedure but chose AVR instead. Three AVR patients were already on a regimen of warfarin therapy for other reasons. In the AVS group, 78 (77%) patients chose this type of operation because they wanted to avoid anticoagulation; 19 of these patients were women of childbearing age. Seven (7%) patients followed their surgeon's preference for AVS surgery. Sixteen (16%) patients requested AVS, but did not specify the reason for selecting this procedure.
The AVR group had a significantly higher proportion of patients who underwent emergent and urgent operations ( Table 3 ). The AVS group had longer operative times, including total duration of surgery, aortic clamp time, and cardiopulmonary bypass time. Similar proportions of AVR and AVS patients underwent concomitant surgical procedures.
Two (4%) of the 30-day valve-related complications occurred in the AVR group, and 3 (3%) occurred in the AVS group; the difference did not reach statistical significance (P ¼ .6). Logistic regression analysis did not identify the type of operative procedure as an independent predictor of 30-day valve-related complications (P ¼ .5). There were no significant differences in the rates of cardiac, pulmonary, and renal complications ( Table 4 ). The total postoperative ventilatory support time, total time in the intensive care unit, and length of hospital stay did not differ significantly between the AVR and AVS groups. At discharge, cardiac rhythm status, New York Heart Association class, and left ventricular ejection fraction were similar (Table 5) . 
DISCUSSION
This study is the first international, multicenter effort to prospectively compare aortic valve operative outcomes in patients with MFS. The multicenter design is advantageous for accumulating data on patients with a rare disease because it allows quicker collection of a sample of adequate size while avoiding the confounding effects of significant changes in surgical technique that may occur over time. It does, of course, make standardization of methods and techniques impossible; however, the variability in surgical technique in this series parallels that found in general, which enhances the overall applicability of the results derived from this investigation.
By design, this registry study does not involve random assignment of root replacement techniques. A nonrandomized approach is appropriate for studies comparing these two procedures, as suggested by our finding that the final decision about which technique to use was made intraoperatively in more than 40% of cases. A randomized trial would require extremely narrow anatomic inclusion criteria to minimize the crossover rate, making it difficult to enroll a sufficient number of patients in a realistic time frame. Although the nonrandomized design will make it impossible to determine whether one method is superior to the other, the data from this prospective study provide the most accurate comparison of these surgical techniques to date. The analysis of early outcomes showed that AVS was performed in 70% of patients with MFS undergoing aortic root replacement, which is consistent with previously published results: 73% of 112 consecutive MFS patients in a series published by Birks and colleagues 16 underwent AVS surgery, as well as 58% of 105 patients in a series by de Oliveira and colleagues 17 and 60% of 144 patients in a recently published study by Patel and colleagues. 18 Of note, the Yacoub remodeling technique was used in only 1 of the AVS patients in the current series; this result reflects the substantial reduction in recent years of surgeons' enthusiasm for using remodeling techniques in patients with MFS, at least in these 18 centers. Birks and colleagues 16 endorsed the remodeling procedure in a retrospective analysis of 82 MFS patients in 1999; the results were marred, however, by relatively high rates of reoperation and aortic regurgitation within 5 to 10 years. Since that time, several groups have expressed concerns that remodeling carries a higher risk for complications-including operative bleeding, progressive annular dilatation, and aortic regurgitation-than does the reimplantation technique. 12, 14, 17, [19] [20] [21] [22] [23] The absence of early deaths after 151 root replacement operations in this multicenter study is extremely encouraging; 100% early survival-which was also recently reported for 59 MFS patients by Kallenbach and colleagues, 24 for 35 patients by Settepani and colleagues, 25 and for 140 patients by Patel and colleagues 18 -represents an improvement over survival rates in earlier series. 6, 7, 16, 17 At this stage of the study, the type of aortic root replacement does not appear to be a predictor of early valve-related complications. We recognize, however, that no long-term inferences should be drawn from these preliminary results and that further follow-up data accumulation and analysis are necessary.
The limitations of this registry study include the inherent drawbacks of its nonrandomized design, such as the potential for confounding by clinical indication bias, the inability to adjust for unknown confounding factors, and the difference in the sizes of the comparison groups; the latter was not anticipated at the beginning of the study and may incur power limitations. Additionally, retrieval and core laboratory analysis of all original echocardiographic images have been particularly challenging. European sites do not routinely perform postoperative echocardiograms for AVR patients, and, in several instances, the images from international sites had image formatting compatibility issues. Finally, it is important to recognize that this study was not intended to evaluate differences in long-term durability, which is certainly an end point of major clinical importance; at least 10 years of follow-up would be required to address this issue.
To summarize, the analysis of early outcomes revealed that AVS was more common than AVR in MFS patients undergoing root replacement at the participating centers. Although AVS procedures required longer aortic clamp and cardiopulmonary bypass times, the added complexity of AVS root replacement did not translate into adverse early outcomes. Subsequent analyses will compare the 3-year durability of these two approaches.
Stephen N. Palmer, PhD, ELS, contributed to the editing of this manuscript.
Discussion
Dr Alan D. Hilgenberg (Boston, Mass). Dr Coselli, congratulations to you and your colleagues for designing and implementing this very important study. The presentation is a report of the current practice of aortic root repair in patients with MFS from centers in Europe and North and South America. First of all, it is remarkable that there was no 30-day mortality in 151 patients, attesting to the safety of these complex surgical procedures. Seventy percent of the operations were valve-sparing, all but two of them were of the reimplantation type, and about two thirds included repair with sinuses.
The patients undergoing AVR were different from those undergoing AVS in several important characteristics. They were older, they had more preoperative aortic regurgitation, and they underwent more nonelective operations. These factors probably will affect the long-term results in addition to the presence of a mechanical valve when comparisons with the outcomes of AVS patients are made.
The most important information from this study will come from the years of follow-up data that we hope you will accumulate. The late results of composite valve graft replacement in patients with MFS have been reported at least a couple of times in the last several years. Survival at 10 years of 75% was reported by Gott in the New England Journal of Medicine study in 1999. More recent data from Hopkins presented at the Society of Thoracic Surgeons meeting in 2008 by Cameron had an 85% survival at 10 years. Although these results are good, I suspect that the late results in terms of survival and freedom from thromboembolism in the AVS group will be even better in this study. However, how durable will the AVS operations be in terms of avoiding late operation for aortic regurgitation? David and Feindel reported freedom from moderate or severe aortic insufficiency in reimplantation procedures to be 94% at 10 years, and in their studies, MFS was not a risk factor for late aortic insufficiency. This study should be able to show whether other surgeons throughout the world can achieve similar results. I hope that you will keep gathering this important follow-up data.
I have a couple of questions. Have the participating centers agreed to include their entire experience with consecutive MFS patients, and if not, do you think this will make a difference in the outcomes? Dr Coselli. They have agreed, and I do believe that not enrolling consecutive patients would affect the results. The intent has been that once investigators agreed to participate in the study, they would recruit and screen consecutive patients. I believe that, so far, compliance has been very good and consecutive patients have been screened. Dr Hilgenberg. I think that would be important. I am assuming that AVS repair is the preferred operation in all of the centers. What are the common reasons that valves were replaced, if you know, and were there situations in which valves might have been spared if the patient had been referred earlier for surgery? Dr Coselli. Those are good questions. In 43% of the patients, the decision as to which operation to perform was ultimately made at the time of surgery; the decision to replace the valve was made by the surgeon, and it primarily revolved around anatomic features that the surgeons, who are all well-versed in valve-sparing techniques, believed would compromise the durability of a valve-sparing repair.
There were also some patients whose primary concern was that they did not want to have a second procedure and did not want to subject themselves to the risks of the potential lack of durability of the procedure; these patients selected having a mechanical valve at the outset.
Dr Hilgenberg. David and Feindel perform cusp repair frequently in these operations, and I think it would be of interest to the audience to know whether cusp repair was used often or rarely in this series of patients.
Dr Coselli. In this series of patients, relatively rarely; only 17% of the patients had cusp repair.
Dr Hilgenberg. One final comment: I am sitting here with my colleague, Cary Akins, who formulates the reporting of valve-related complications, and I think the re-exploration for bleeding in this series really does not belong in the valve-related complications. That is a surgical complication, not necessarily valve-related, I believe.
Dr Tirone E. David (Toronto, Ontario, Canada). I am sorry that I am not participating in this study. I think it is important to have information regarding the aortic cusps in this database. In my experience with AVS procedures during the past 19 years, what determines whether a valve can be spared or not is the quality of the aortic cusps. In at least half of my patients with MFS, I had to repair the cusps to spare the valve. In other words, these patients had premature cusp degeneration just as in mitral valve prolapse. Unless you do something with the cusps, I am surprised that you ended up with no aortic insufficiency. Do you have data on how many cusps were abnormal? Dr Coselli. In the way you describe it, no. Dr David. I propose that you add this to the database. We find it the single most important determinant of feasibility of repairing these valves. Cusps with large stress fenestrations, overstretched and thinned out, should not be preserved, and AVR probably results in better outcomes.
Dr Coselli. Dr David, thank you for your comments and thank you for your immense contribution and pioneering work in this area. All of the centers that participated involved surgeons who are well-versed in the techniques and carry on a practice that allows them to very reliably carry out AVS procedures; I believe that the results, with no deaths, no strokes, and no moderate or severe aortic valve regurgitation in the early postoperative period, confirm their levels of expertise. I think it would be challenging for this type of registry-which already collects an immense amount of data from very diverse institutions across the globe-to accumulate the kind of detailed information on the leaflets that a single surgeon and a single center can. But I appreciate the insight, and ideally we can incorporate that.
